Carbon dioxide capture and storage (CCS) is increasingly seen as a way for society to enjoy the benefits of fossil fuel energy sources while avoiding the climate disruption associated with fossil CO 2 emissions. A decision to deploy CCS technology at scale should be based on robust information on its overall costs and benefits. Life-cycle assessment (LCA) is a framework for holistic assessment of the energy and environmental footprint of a system, and can provide crucial information to policymakers, scientists, and engineers as they develop and deploy CCS systems. We identify seven key issues that should be considered to ensure that conclusions and recommendations from CCS LCA are robust: energy penalty, functional units, scale-up challenges, non-climate environmental impacts, uncertainty management, policy-making needs, and market effects. Several recent life-cycle studies have focused on detailed assessments of individual CCS technologies and applications. While such studies provide important data and information on technology performance, such case-specific data are inadequate to fully inform the decision making process. LCA should aim to describe the systemwide environmental implications of CCS deployment at scale, rather than a narrow analysis of technological performance of individual power plants.
Introduction
Our society is heavily dependent on fossil fuels, which supply about 81% of the world's primary energy [1] . Fossil fuels are used to produce about 67% of the world's electricity, to which coal, natural gas, and oil contribute about 41%, 21%, and 5%, respectively. The growing global demand for energy services, as well as the relative abundance of fossil fuels and the proven technologies for using them, suggest that fossil fuels will continue to be widely used in the future. This raises concern of climate destabilization caused by increasing atmospheric concentration of carbon dioxide (CO 2 ) released during the combustion of fossil fuels [2] .
Technologies are being developed to capture a part of the CO 2 released by fuel combustion and industrial processes and to sequester the CO 2 in long-term storage sites. If effective, such CO 2 capture and storage (CCS) technologies would allow the continued use of fossil fuels with reduced concerns about climate destabilization. CCS has been proposed as an important component of the "stabilization wedge" concept, in which various climate change mitigation approaches are implemented simultaneously, with each approach achieving a gradually increasing amount of the required CO 2 emission reduction [3] . For example, the International Energy Agency [4] suggested that CCS used in electric power generation, industry, and fuel transformation plants could together capture 9.4 GtCO 2 per year by 2050, thus reducing total projected annual global emissions by 14%.
To be an effective means of climate change mitigation, CCS will need to be implemented globally on a very large scale. The resources used to implement CCS may then be unavailable for use in other mitigation strategies [5] . It is thus essential that a decision to employ CCS be informed by a clear understanding of the overall benefits and impacts of the technologies. Employing the life-cycle assessment (LCA) framework may allow the evaluation of system-wide energy and environmental footprints of CCS deployment. LCA includes four phases [6] . Goal and scope definition describes the purpose of the study, the system boundaries of the analysis, and the functional unit used for assessment and comparison. Inventory assessment quantifies the inputs and outputs of mass and energy attributable to processes occurring within the system boundaries. Impact assessment characterizes the effects of these inputs and outputs considering resource depletion, human health, ecosystem quality, and climate change. Interpretation of the inventory and impact assessment results seeks to identify significant conclusions, recommendations and implications for decision making.
LCA has often focused on evaluation of existing products and processes. When applied to complex, emerging technologies, however, the results can vary significantly depending on the system 3 boundaries and assumptions used by the researcher. For example, numerous LCA studies of biofuels have been conducted with widely varying conclusions due to inconsistencies in methodologies and system boundaries [7] . Although the results of each study may be reasonable given the specific approach used by the authors, the overall heterogeneity of results has provided policy-makers with limited basis for decisions. A similar challenge exists for assessment of future CCS systems. To effectively guide decision making, LCAs must credibly model the potential system-wide effects of CCS technologies implemented at large scale. Uncertainty and variability must be managed to reduce the risk of policy failure, or the implementation of policy that generates counterproductive results [8] .
In recent years, a growing number of authors have conducted full or partial LCAs of power plants equipped with CO 2 capture [e.g. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Fewer authors have analyzed the energy or environmental implications of CCS implemented at a national scale [e.g. [19] [20] [21] . In this paper we do not critique these specific studies or conduct a new LCA; rather, we identify and develop the fundamental elements that a robust assessment framework for CCS must include for sound decision making. Other authors have discussed the challenges and requirements of the LCA process in general [e.g. 22, 23] , but the existing literature lacks a comprehensive overview of appropriate LCA methodology specific to CCS. Here we describe challenges specific to the environmental analysis of CCS, and outline approaches to ensure that such an LCA is as robust as possible. This work will assist energy system and policy analysts to make better estimates of the full implications of future CCS systems, and will provide insight to scientists and engineers regarding critical performance parameters of CCS technologies. This knowledge, in turn, will be needed by policy-makers to effectively compare CCS with other mitigation strategies [24] . The goal of this paper is to identify the critical considerations for future LCA practitioners. Developing an LCA around these recommendations is planned in future work.
The following section briefly describes the CCS system components. Next, we discuss several key issues including energy penalty, functional units, scale-up, non-climate environmental impacts, uncertainties, policy-making needs, and market effects. We conclude with observations on the role of LCA in CCS implementation.
The CCS system
The CCS system consists of direct processes such as capturing CO 2 , transporting the CO 2 from the capture site to a storage site, and placing the CO 2 into the storage location ( Figure 1 ). The system also includes indirect processes including production and provision of the required infrastructure and 4 materials, extraction and transport of fuels, and maintenance and monitoring of the processes. In addition to the technological system components, implementation of CCS has consequential effects in other sectors which may also be significant.
Figure 1.
Components of a CCS system, and linkages to their consequential effects. †Assumes that regional electricity demand will not decrease so additional electricity generation is needed to replace CCS energy penalty losses. CO 2 capture is generally considered suitable for stationary sources that emit at least 0.1 MtCO 2 per year. Stationary sources smaller than this emit a small fraction of total global emissions [25] , and CO 2 capture from smaller sources may be cost prohibitive [26] . Globally, such large stationary sources together emit about 13.8 GtCO 2 annually [27] , roughly half of all fossil fuel CO 2 emissions and a quarter of all anthropogenic GHG emissions. Among large stationary sources, coal-fired electric power plants contribute about 60% of CO 2 emissions. Natural gas-and oil-fired power plants contribute about 11% and 8%, respectively. Cement plants, oil refineries, and steel mills contribute about 7%, 6%, and 5%, respectively. Fossil fuel-fired power plants are thus the largest opportunity for CO 2 capture, and are the focus of this paper.
Three main strategies can be used to capture CO 2 from power plants: post-combustion, precombustion, and oxy-fuel. In post-combustion capture the fuel is burned in air, and CO 2 is separated from nitrogen and other components of the flue gas. Pre-combustion capture converts solid coal fuel [28] . However, many promising technologies are currently under development such as ionic liquids, zeolites, and metal-organic frameworks [29] .
After the CO 2 is captured it is compressed to a "supercritical" fluid with properties between those of a gas and a liquid. It is then transported to a location suitable for long-term storage. Although CO 2 may be transported by truck, rail, or ship, the most likely method for large-scale transport is pipeline [25] .
CO 2 is then injected deep below the surface, either in ocean water or in geologic formations. CO 2 injected into the ocean may eventually enter the atmosphere over a time span of centuries, and may cause acidification of ocean water resulting in ecological impacts [25] . Geologic formations suitable for CO 2 storage include deep saline aquifers, oil and gas reservoirs, un-mineable coal seams, and possibly organic-rich shale and basalt formations [30, 31] . Deep saline formations are very extensive, with an estimated global capacity of at least 1000 GtCO 2 , but their characteristics are less well understood than other potential storage deposits [25] . Estimated capacity in oil and gas fields is at least 675 GtCO 2 , and in un-mineable coal seams is at least 3 GtCO 2 [25] . At levels of global sequestration proposed by IEA [4] for the year 2050, these formations could continue to accept CO 2 for several centuries or longer.
Key issues
The following sections summarize seven key issues that must be rigorously considered by practitioners when developing CCS LCAs. These issues have been identified through a review of the existing literature, and in consideration of the aforementioned challenges associated with application of LCA to complex, emerging systems.
Energy penalty
CCS is an energy intensive process and generally uses both heat and electricity. For example, heat is needed to regenerate MEA and is provided by steam which could otherwise have been used to 6 produce electricity. Additional electrical power is used for operating pumps and fans and for compressing CO 2 . The energy penalty associated with CCS applied to an electric power plant may be expressed as either the increase in fuel input per unit of delivered electricity, or as the decrease in electricity output for a given fuel input [25] .
A review of LCA studies that directly compare power plants with and without CCS, allowing quantification of the energy penalty and emission reduction of CCS, shows that the increase in fuel energy required per unit of electricity output associated with CCS ranges from about 16% to 65% [32] . About 90% of the carbon in the fuel is captured (in the form of CO 2 ), but additional fuel is needed to produce a unit of electricity. Thus, the net reduction of flue gas CO 2 emissions from producing electricity with and without CCS is less than 90%. The net life-cycle CO 2 emission reduction between cases with and without CCS is even lower due to increased CO 2 emissions from mining and transporting the additional fuel, and emissions from manufacturing CCS infrastructure.
The net life-cycle GHG emission reduction is still lower, averaging 74%, due largely to increased methane emissions from coal beds (for coal-fired plants) and natural gas leakage (for natural gas-
There is a thermodynamic minimum energy required for gas separation and compression, which provides an absolute limit for efficiency improvements [19] . The minimum energy penalty varies for different types of power plants and capture systems due to their different thermodynamic processes [33] . For example, post-combustion capture requires separating CO 2 from nitrogen, while precombustion capture requires separating CO 2 from hydrogen. Since CO 2 is relatively easier to separate from hydrogen than from nitrogen, the energy penalty of pre-combustion capture is potentially lower than that of post-combustion capture [29] . Another difference is that between coal-and natural gasfired plants. Since coal combustion produces more CO 2 per unit of thermal energy than natural gas combustion, coal-fired plants require the capture of more CO 2 per unit of electricity generation. Other factors that influence the energy penalty include the higher pressures associated with pre-combustion capture, which are more favorable for CO 2 separation than the low pressure flue gas conditions associated with post-combustion capture.
The development of novel capture technologies may increase the efficiency of future CCS systems, but will not eliminate the energy penalty. Using low-grade waste heat from a power plant for regenerating capture media can increase the efficiency of the systems, by using heat that is not suitable for electricity production. However, using waste heat for CCS may conflict with other energy efficiency and climate change mitigation measures such as combined heat and power (CHP) 7 production or combined cycle electricity production. Regardless of efficiency improvements in the CO 2 capture process, energy will still be needed for CO 2 compression to allow transport and storage.
The energy penalty of CCS is widely acknowledged and has been included to some extent in all previous LCAs of CCS considered in this paper. We recommend that LCA practitioners use appropriate energy penalty values for the capture technologies being analyzed, considering potential future improvements in capture efficiencies. The system-wide implications of the energy penalty should be taken into account, not limited to the power plant boundaries but also including upstream and downstream components such as fuel supply emissions and expanded infrastructure requirements. The implementation of CCS will result in less available electricity per unit input of fuel, due to the energy penalty described previously. To capture these dynamics, CCS systems should be evaluated from the broader context of the grid-wide demand and supply of electricity, rather than focusing on individual power plants [20] . The reduced electricity output due to CCS implementation could, for example, be accommodated through reduced electricity demand through efficiency improvements [19] . The changing demand for electricity could also be satisfied through other technologies including renewable sources with low CO 2 emissions [24] . These interactions can best be determined by an integrated analysis of the entire energy sector, accounting for the dynamics of demand and supply of various energy services.
Functional units and demand for electricity
Two approaches have been used to achieve a broader functional unit to identify the system-wide effects of CCS deployment. A simplified approach is to model the impacts of compensating for the 8 energy penalty of an individual power plant. NETL [14] used this approach in an LCA of a retrofitted power plant, with a scenario including "make-up power" based on average grid characteristics to compensate for the reduced electricity output from the retrofitted plant. A more comprehensive approach, which requires integration of LCA and energy system analysis, is to conduct scenario analyses of future energy system developments including CCS deployment. For example, Schreiber et al. [20] analyzed future scenarios of CCS deployment within the German power sector to evaluate the energy and environmental implications of CCS, and House et al. [19] and Bistline & Rai [21] modeled future CCS deployment within the US coal-fired power fleet to determine trade-offs and priorities.
In some cases it may be appropriate for a CCS LCA to express results in more than one functional unit. For example, captured CO 2 can be injected into oil reservoirs in a process known as enhanced oil recovery (EOR), serving to sequester CO 2 and allow the recovery of additional quantities of oil. In this case the functions of a CCS system would include both electricity generation and oil production, and it may be necessary to allocate CO 2 storage benefits to these two products. Jaramillo et al. [34] explored various allocation methods for EOR LCA, finding that the allocation method can significantly affect the calculated emissions of the electricity and oil. Another instance where coproduction might be an issue is in combined heat and power (CHP) plants, where the application of CCS may reduce the amount of cogenerated heat from a power plant, thus requiring system expansion to include a separate source of heat to maintain the same functional units of heat and electricity.
We recommend that LCAs of CCS applied to power plants use a broad functional unit focusing on the overall demand for electricity. This will require cooperation between LCA practitioners and energy system analysts to incorporate future dynamics not only of CCS deployment but of electricity demand and supply. Analysis at the level of individual power plants is a necessary step, but insufficient to understand the system-wide implications of CCS. In some cases, additional system functions may need to be considered such as oil recovery or heat.
Consideration of non--climate impacts
Because the direct goal of CCS systems is CO 2 emission reduction, many analyses of CCS systems have focused on carbon accounting while forgoing the evaluation of non-climate effects. Although climate impact analysis is essential, in isolation it does not provide sufficient information to evaluate the overall costs and benefits of CCS systems. A CCS system should avoid regrettable substitutions such as trading a reduction in CO 2 for an increase in impacts from another pollutant. LCA 
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In general, these studies have found increased human health and environmental impacts due to CCS.
Emissions of NO X appear to increase when CCS is used, primarily due to increased fuel throughput and indirect emissions. Emissions of SO X and particulate matter decrease; they are either removed by the CO 2 capture solvent or by additional scrubbers placed before the CO 2 capture unit to reduce solvent degradation. Acidification potential is found to increase in spite of the decreased level of SO X emissions, likely due to increased emissions of other acidifying agents such as NO X and NH 3 .
Increased coal mining and transport produce emissions that contribute to additional impacts from eutrophication and photochemical oxidation. However, the limited number of studies and the large variation prevent definitive conclusions regarding non-climate environmental impacts [32] .
The studies also illustrate the importance of considering the environmental impacts associated with the life-cycle of CO 2 capture media. For example, several studies point out toxicity and ecological impacts associated with MEA capture solvents. These impacts occur at different stages of the MEA life-cycle including the solvent production process, solvent degradation during use, and from incineration or landfilling of reclaimer wastes. Koornneef et al. [10] found a large increase in human toxicity potential due largely to emission of ethylene oxide to the air and water during MEA production. Schreiber et al. [20] and Singh et al. [18] found significant increases in human toxicity and ecotoxicity due in part to emissions from MEA production and the capture unit.
To produce LCA results that contribute to robust policy decisions, LCA practitioners should endeavor to quantify all relevant environmental benefits and impacts of CCS systems, including nonclimate aspects. Analysis should not be limited to the capture process, but also include upstream processes (e.g., fuel supply and infrastructure production) and downstream processes (e.g., CO 2 transport and storage). There is currently substantial uncertainty regarding the overall environmental effects of some processes, and we recommend additional research and integration of key topics such 
Uncertainty management
LCA is a meta-analysis that consolidates and evaluates information about a system's behavior.
Robust uncertainty assessment can assist practitioners in identifying when a policy or decision is likely to lead to the desired environmental outcome(s), and the information that is needed to improve LCA quality. Traditionally, reducing uncertainty in LCA is achieved by focusing on improving parameter quality through an iterative process where data quality assessment is combined with sensitivity analysis. This approach, while useful for improving the input data that have the largest 12 effects on final results, does not acknowledge the accuracy of the mathematical models employed or the potentially large variations in deployment scenarios for future CCS systems. Uncertainty in CCS LCA should be evaluated from parameter, model, and scenario considerations [37] .
Parameter uncertainty is tied to data quality, incorporating knowledge of central tendencies and ranges of key variables. A significant parameter uncertainty for CCS LCA is the incomplete characterization of life-cycle impacts of some materials and processes. For example, several LCA studies found the life-cycle toxicity effects of MEA capture solvent to be very significant, but there is a large range of impacts between studies (see Table 1 ). The large uncertainty surrounding the impact characterization of MEA would decrease with further analysis [36, 38] . Additionally, the unavailability of proprietary chemical production process data may be a barrier to identifying the lifecycle footprints of novel capture media such as metal-organic frameworks. While simplified tools can be used to estimate the energy use and environmental effects of chemical production from parameters describing the molecular structure [39], current tools and databases fall short of providing comprehensive and accurate footprints for a wide range of chemicals.
Model uncertainty considers the accuracy of mathematical models in simulating real-world system behavior. For example, the effectiveness of subsurface CO 2 storage is a critical life-cycle component which requires accurate modeling to reduce uncertainty in CCS assessments. The permanence of geologic storage depends on various physical and geochemical trapping mechanisms that retain CO 2 [25] . Better understanding of these mechanisms is being developed via models of chemical and geologic processes to determine the likelihood of permanent storage and conditions for potential leakage. The permanence of CO 2 storage is a key assumption made by most previous CCS LCAs, although Viebahn et al. [9] did include a sensitivity analysis of CO 2 leakage at varying rates. The time-dependent climatic impact potential of CO 2 emissions are increasingly well understood through modeling of radiative forcing [40] . Beyond these physical effects, however, current LCA methodology is poorly suited for analyzing extended time horizons, which involves questions of time discounting of impacts and intergenerational equity [41, 23] . A further example is potential leakage of CO 2 from storage formations into drinking water aquifers, which could decrease water pH and mobilize arsenic and other toxins, leading to long-term human health impacts [35] . Modeling such low probability, high impact events is challenging, but needed for robust analysis of CCS systems.
Scenario uncertainty, which may be significant for future estimates of CCS deployment, evaluates how actual behavior may differ from normative assumptions. The LCA practitioner faces various sources of uncertainty when analyzing the potential impacts and benefits of future CCS systems. We recommend that these uncertainties be transparently acknowledged and that efforts be made to bound and reduce their potential impact on policy success.
Reducing parameter uncertainty may require additional research into specific processes and their effects, while model uncertainty may be reduced through better understanding of physical systems and how they can be analytically represented. Comprehensive scenario analysis can help identify decision pathways that are robust over a range of uncertainties. Understanding and quantifying the shortcomings of LCA in predicting wider effects and the bounds of CCS system futures is necessary for crafting policy that does not prescribe a one-fit solution. Early identification of policies that require narrow uncertainty bounds, and the tailoring of analysis to meet these bounds, is in the best interest of climate change mitigation goals [42] .
Scale--up issues
Projecting from current small-scale to future regional, national, or global deployment is a major challenge for CCS LCA. CCS currently occurs on the order of several million metric tonnes of CO 2 per year, part of which is in support of enhanced oil recovery efforts [43] . To achieve the billions of tonnes per year of CO 2 storage suggested by Pacala & Socolow [3] and IEA [4] , it will be necessary to scale up the current level of operations by perhaps 1000 times or more. LCA practitioners must consider a variety of issues when moving from small to large scale. These include increasing the technological scale from pilot to industrial, increasing the analytical scale from one power plant to many, and increasing the operational scale from small to large. These issues are discussed below.
The technological scale of current CCS activities is modest relative to the very large scale required for effective climate change mitigation [43] . For example, amine-based capture is generally considered a mature technology in the gas processing industry, where it is used to "sweeten" natural gas by removing CO 2 and other impurities like H 2 S. Still, it is currently used to remove only about 50
MtCO 2 annually (most of which is released to the atmosphere and not sequestered) [25] , which is about 0.5% of the CO 2 capture projected by IEA [4] for the year 2050. Other capture processes such 14 as pre-combustion and oxy-fuel are still under development, and novel capture media such as metalorganic frameworks are still at laboratory scale [29] . For processes that are currently at preliminary (i.e., bench-scale) stages of development, it is difficult to accurately assess future performance at a global industrial scale. For example, mass and energy balances of bench-scale processes may not scale up linearly to industrial scale [44] . A challenge in estimating the environmental performance of future technologies lies in bounding the potential variability between current, small-scale performance and future, large-scale performance. Learning curve data from other energy-related technologies may offer guidance on costs and implementation [45] , though the lack of comparative at-scale processes is a hindrance to technological evaluation.
The analytical scale is also important, e.g., whether the analysis covers a single power plant or a regional or global CCS system. CCS applied to a single power plant will cause marginal changes in electricity production. For example, production from a new CCS-equipped plant may replace power from marginal sources, which may be old, inefficient coal-fired plants, resulting in a large CO 2 emission reduction. Large-scale adoption of CCS, however, will cause multiple marginal changes to the production system, and eventually will change the structure of the system itself. As additional old plants are retired and replaced, the performance of the system as a whole improves, and the CO 2 emission reduction from each new CCS-equipped plant may decline. Electricity supply systems continue to evolve over time, with CCS being only one part of that evolution, and marginal electricity production in the decades to come will be affected by the development of the energy system as a whole [46] . The identification of marginal electricity production depends on numerous factors including the time frame of analysis, the future development of technology, incentives to reduce CO 2 emissions, and the deployment of sources such as nuclear and renewables. To better understand the climate benefits from differing scales of CCS implementation, LCA practitioners should collaborate with other modeling domains to incorporate issues such as the future dynamics of electricity supply systems.
The operational scale of CCS should also be considered. A technology that can be successfully deployed at small scale may possibly be unsustainable on a large scale, or may have unforeseen requirements when operated at large scale. For example, resource constraints for key materials may be encountered as novel CO 2 capture technologies are scaled to a global level, due to limited absolute quantities of materials or to conflicts with other potential uses of the materials. For example, constraints have been identified for materials used in some types of photovoltaic cells [47] , and the deployment of some energy technologies will significantly increase the need for particular metals [48] . Upfront analysis of resource requirements and availability may guide researchers as they 15 develop new capture technologies. These analyses would project future demand for particular materials both within the CCS system and for other uses, estimate the quantities available through primary extraction and recycling, and identify potential constraints. A final example of potential operational scale constraints is the mining and transport infrastructure that supplies fuel to power plants. Since more fuel will be needed to produce a unit of electricity in a CCS-equipped plant, bottlenecks may emerge in fuel supply networks. This potential should be evaluated, and environmental impacts from necessary infrastructure expansion should be considered.
We recommend that CCS LCAs explicitly consider the potential for non-linear changes as the CCS system expands from an individual installation to a regional or global complex. These non-linearities may be beneficial, such as economies of scale or technological optimization, or they may be disadvantageous, such as constraints of material resources or support system capacity. In any case, a realistic analysis must take into account the different characteristics of systems at varying scales.
Policy--making needs
The use of LCA is shifting from the evaluation of system footprints to include consequential aspects.
As the framework matures, it is becoming more recognized that LCA should be implemented on policy and decision questions rather than technology options. While traditional LCAs are valuable for technology-specific questions, their inability to be scaled to broader questions justifies a more comprehensive system boundary structured for policies and decisions, as well as integration with modeling techniques that can better capture issues of system dynamics and technological scale over time. For example, the traditional LCA framing around the question "how can a manufacturer reduce their product's footprint?" does not assist policy-makers when asking "how can CCS be implemented with maximum CO 2 emissions reduction at minimum social cost?" The second question requires that an LCA establish a system boundary that includes components such as the changes to the electricity generation mix, the implementation of a transport and storage infrastructure, and the tradeoffs between climate and non-climate effects. Furthermore, the question "how can society best act to mitigate the impacts of climate change?" requires a still broader approach incorporating various technologies, behaviors, and strategies [24, 49] . Public acceptance of a technology such as CCS is crucial for its widespread adoption in a participatory system. The LCA framing around policy and decision making offers an opportunity to consider and compare many options for implementation that minimize costs and maximize benefits system-wide.
CCS LCAs should be structured around prospective policies that reduce GHG emissions from CCS systems, rather than retrospective analysis that quantifies the life-cycle footprints of different 16 technologies. Retrospective LCAs generally use an attributional approach that describes the characteristics of an existing system, while prospective LCAs use a consequential approach that describe the effects of a change [50] . The consequential approach has gained considerable momentum in the LCA community because it is more focused on evaluating the systems-level effects of policy and decisions. In contrast, attributional LCAs, while valuable for understanding critical processes in the life-cycle of a system, are generally focused on evaluating the effects of a technology or process independent from its role in larger policy interests. In the context of CCS, the decision to use attributional versus consequential approaches is important because it determines how the final results may be applied to larger societal goals. Recognizing early in the deployment of CCS technologies that LCA is most valuable when structured around prospective questions will allow for better policy and decision recommendations that do not infer broad meaning from technology-based indicators. Although attributional analyses may be used to improve the footprint of the technology itself, ultimately a consequential approach that considers optimal deployment of technologies to achieve climate mitigation goals is most useful. For example, early adoption and rapid diffusion of CCS are potentially more important factors to achieving climate change mitigation targets than are the types of CCS technology adopted and their performance parameters [21] . Policies that incentivize CCS adoption can look to environmental LCA recommendations for assistance when deciding whether to facilitate early implementation of CCS to gain experience at increasing scale.
Formally, LCA must include life-cycle costing [6] which would further inform decision makers. In a carbon-priced market, electricity generation enterprises would choose between the emerging CCS technologies and low-carbon fuels including renewables. Appropriately priced CO 2 would send signals that may encourage a utility to purchase or generate electricity with wind or solar instead of fossil fuels. CCS technologies, depending on their cost and efficiency, would add to the utility's choice set. CCS could also potentially be applied to biomass-fired power plants, resulting in net removals of CO 2 from the atmosphere. Ultimately, the cost of using CCS technologies would have to be less than the cost of using lower carbon fuels or renewables, and life-cycle costing can help forecast these transitions including politically feasible strategies. install CCS and contract with other firms for transport and storage of CO 2 (remote actors). The storage firm may have more than one option for final sequestration and will choose one based on market conditions. As the LCA system boundary expands, the decisions of these remote actors become numerous and not easy to track. The uncertainty associated with these market effects may be large and impede the ability to formulate recommendations from the LCA results. Furthermore, the inability to evaluate market equilibrium outcomes from small perturbations prevents exhaustive assessment.
Market effects
Scenario uncertainty analysis can be one method for evaluating the range of decisions of actors in the CCS system. While normative decisions are often required in LCA, scenario analysis provides an approach for considering how results may change given different possible futures [53, 37] . By identifying critical parameters within the LCA system as well as in the larger market, scenario analyses can be constructed and corresponding uncertainty assessment performed as a bounding analysis to ask "what if" questions. Furthermore, this approach will help identify future research needs where targeted questions can be identified for particular components that dominate the uncertainty. Ultimately, methods and tools that evaluate market responses and equilibrium outcomes 18 are needed to rigorously understand how local and remote actors will behave given particular economic signals. This will likely require joint efforts between LCA practitioners, economists, and general equilibrium modelers.
Conclusions
The growing global demand for energy services makes it improbable that the large quantity of energy stored underground in fossil fuels will remain unexploited. CCS is increasingly discussed as a potential means to prevent the release into the atmosphere of the carbon in those fuels. The development and deployment of CCS as a significant climate change mitigation strategy would be a major, complex undertaking, and must be supported by appropriate information. Decisions regarding CCS implementation should be informed by robust forecasts of expected costs and benefits including life-cycle environmental trade-offs. The LCA framework can provide crucial information to policymakers, scientists, and engineers as they develop and deploy CCS systems.
Here we have identified and discussed seven key issues that should be considered by LCA practitioners to ensure that CCS LCA conclusions and recommendations are robust: 1) The energy penalty from capturing and sequestering CO 2 must be considered on a system-wide level.
2) The functional unit of comparison should account for overall demand for energy services. 3) Non-climate environmental impacts may bring unintended consequences when reducing CO 2 emissions. 4)
Uncertainties that arise from parameters, models, and scenarios must be identified and managed. 5)
Challenges of CCS scale-up, including technological, analytical, and operational issues, must be overcome. 6) Policy-makers require timely and appropriate information on the full consequences of their decisions. 7) The essential role of markets in shaping the form of CCS implementation must be acknowledged.
Addressing these issues is consistent with current trends in LCA that are broadening and deepening the analytical framework to provide more informed decision making [54] . Increasingly, LCA is seen as complementary to other decision support tools such as input-output analysis, material flow analysis, scenario forecasting, and economic analysis [55] . Combining perspectives and integrating knowledge across diverse fields will likely require interdisciplinary cooperation among scientists, engineers, economists, and policy analysts.
LCA should aim to provide holistic information on the energy and environmental implications of CCS deployment at scale, rather than a narrow analysis of technological performance of an individual 19 power plant. While detailed analysis of specific technologies is an essential part, by itself it is inadequate to fully inform the decision making process. Large-scale CCS systems will involve interactions between many components and actors, and the LCA framework must reflect that complexity if it is to describe the true costs and benefits of CCS deployment.
